The role of the annihilation of excitons on charge carriers has been theoretically investigated in organic semiconductors. We have developed the numerical drift-diffusion model by incorporation terms which describe the annihilation process. The transient photocurrent has been calculated for different injection barrier heights, exciton mobilities, and annihilation rate constants. We have demonstrated that the annihilation has a great influence on the range and the rising time of the photocurrent.
Introduction
Organic semiconductors are materials that possess a few features which make them suitable to construct electronic devices, like solar cells, light-emitting diodes, and transistors. Most importantly, their cost of production is relatively low. In illuminated organic semiconductors, a photocurrent is a flow of charge carriers which are generated in the dissociation of excitons. However, a diffusion length of the excitons is much shorter than a thickness of material. Therefore any process, which influences a concentration of excitons, is relevant for final photocurrent and efficiency of the device [1, 2] . A study of transient photocurrent allows to understand the dynamics of charge carriers generation mechanisms.
In this paper, we investigate the influence of excitons annihilation with charge carriers on transient photocurrent in organic semiconductors. In the simple explanation of this mechanism, an electron (hole) from an exciton interacts with a free hole (electron). It causes that the interacting charges annihilate and one hole (electron) is left from the exciton. Therefore, the concentration of free charge carriers does not change but the excitons concentration decreases. Considering a quantum mechanical description of this process, an energy of the quenched exciton is fully transferred to the interacting carrier via the Förster resonance energy transfer and, as a consequence, the exciton is lost. Recently, it has been proved that the effect of excitons annihilation visibly influences on photophysical and photoelectric processes in systems used in organic photovoltaics [3] [4] [5] [6] . This fact is associated with a high probability of the annihilation which is described by high values of the annihilation rate constants (10 −15 −5 × 10 −14 m 3 s −1 ) [3, 6] . * corresponding author; e-mail: dglowienka@mif.pg.gda.pl
Model
In order to model the photocurrent, the drift-diffusion set of equations has been considered [7, 8] . It should be mentioned that for the first time we incorporate the annihilation process in transient drift-diffusion model. To determine the electron (n), hole (p) and exciton (X) concentrations, the following equations are used:
Equation (1) is the Poisson equation used to calculate the local electric potential φ and the electric field E in space (x) and time (t). The parameter q is the elementary charge, ε 0 denotes the vacuum permittivity and ε r is the permittivity of the material. Equations (2)-(4) represent the time dependent continuous equations which implement gradients of concentration fluxes (density currents) of charge carriers or excitons. The symbol k B denotes the Boltzmann constant, T represents the absolute temperature and µ X is the excitons mobility. Other terms in the continuous equations describe the generation (with a plus sign) or the decay (with a minus sign) processes for n, p and X. The parameter G is excitons generation rate, τ X represents the lifetime of excitons, and γ pX and γ nX are the rate constants, which are associated with the excitons annihilation with holes and electrons, respectively. The electric field dependent rate k diss describes a dissociation of excitons into separated electrons and holes, which is explained by (397) the Onsager-Braun model [9] . The bimolecular recombination term can be given by
int , where γ L = q (µ n + µ p ) /ε 0 ε r is a Langevin recombination coefficient and n int represents the intrinsic concentration of charge carriers in the material. The parameters µ n and µ p are the mobilities of electrons and holes, respectively. The factor 1/4 in Eq. (4) is due to creation of excitons from bimolecular recombination of charge carriers with 25% probability.
The total photocurrent is a sum of electrons (J n ), holes (J p ) and displacement (J disp ) currents
and
In order to solve the equations numerically, they were discretized with the Sharfetter-Gummel method [10] . To define the dynamics of photocurrent (a rise time), an establishment of equilibrium state is used. Here, the steady-state condition has been chosen as
In the paper, the shortcircuit photocurrent is calculated.
The lifetime of excitons τ X is assumed as 1 µs. The initial separation distance between charge carriers is equal to 1. . For simplicity, we consider the same values of the Schottky barrier heights for electrons (φ n ) and holes (φ p ). Also, the same mobilities (10 −7 m 2 V −1 s −1 ) and equal magnitudes of annihilation rate constants are chosen for both types of charge carriers. It causes that the transient concentration profiles are similar for both electrons and holes. Thus, it is convenient to use notation γ cX and φ c , with c ∈ {n, p}, in further discussion. Depending on the injection barrier height, the Schottky (φ c = 0) and the ohmic (φ c = 0) contacts are defined.
The model is solved forward in time with turn-on method [11] . First, the dark currents (G = 0) are simulated for 0.5 µs and then sample is illuminated with G = 2.7 × 10 27 m −3 s −1 for 4 µs. Finally, the dark conditions are simulated up to 9 µs.
Results and discussion
The terms, which describe the annihilation process in Eq. (4), depend on three parameters: charge carriers concentration, excitons concentration and annihilation rate constants. Therefore, we will analyze how these parameters influence on transient photocurrents. The results are presented in the middle of material, because the dynamics of photocurrent is independent of the position. In addition, we decided to illustrate obtained results using both absolute and normalized scales in all figures. Figure 1a shows transient photocurrents calculated for different injection barrier heights. We can see that a lowering of injection barrier leads to an increase of photocurrent magnitude. The rise time is the shortest (0.2 µs) for ohmic contact and increases for the Schottky contacts (up to 0.64 µs for 0.1 eV). The explanation is that φ c impacts directly on the concentration of charge carriers, as shown in Fig. 1b . The annihilation of excitons gives no visible influence on the dynamics of photocurrent for ohmic contacts due to short rise times (not shown). Thus, next simulations have been carried out only for the Schottky contacts. Figure 2a demonstrates the impact of excitons mobility on transient photocurrents. We can see that the magnitude of photocurrent is lower for higher µ X . This result may be explained by the effect of charge carriers photogeneration due to the excitons dissociation. If the mo- bility is higher, the concentration of excitons decreases and, as a consequence, the photocurrent is getting lower. Apart from the photocurrent magnitude, the influence of exciton mobility on photocurrent's dynamics is visible (inset in Fig. 2a) . When the mobility of excitons is higher, then the dynamics is much faster. The rise time is equal to 0.23 µs for µ X = 10 −6 m 2 V −1 s −1 and increases up to 0.84 µs for µ X = 10
The concentration of excitons as a function of time is presented in Fig. 2b for different values of annihilation rate constants. We can see that the annihilation process causes a decrease of the X magnitude. The lowering concentration of excitons should lead to faster response of photocurrent, because less number of excitons dissociates into seperated charge carriers and the steady-state condition is achieved faster. Figure 3 shows the influence of annihilation process on the dynamics of photocurrent calculated for different exciton mobilities. For each mobility, the annihilation rate is given for three values: low (10 −15 m 3 s −1 ), moderate (10 −14 m 3 s −1 ) and high (5 × 10 −14 m 3 s −1 ). We can see that the impact of excitons annihilation is the most evident for the lowest mobility (µ X = 10 −8 m 2 V −1 s −1 ). In this case, the rising time is 0.83 µs for the lowest value of γ cX and decreases to 0.53 µs when the probability of annihilation increases (inset in Fig. 3a) . If the mobility of excitons is µ X = 10 −7 m 2 V −1 s −1 , we observe lower response of the annihilation to photocurrent dynamics. Here, the rising time is equal to 0.62 µs for very low annihilation rate constant, and reaches a value of 0.45 µs when γ cX increases (Fig. 3b) . For the mobility of excitons equal to 10 −6 m 2 V −1 s −1 , the variation of annihilation rate changes the rise time of photocurrent negligibly (inset in Fig. 3c ).
Conclusions
We have studied the influence of excitons annihilation with charge carriers on transient photocurrent generated in organic semiconductor. It has been found out that an increase of the injection barrier height lowers the dynamics of photocurrent which is directly associated with charge carrier concentration. In contrary, higher values of the exciton mobility and the annihilation rate constant lead to decrease of photocurrent rise time due to changes of excitons concentration. The obtained results demonstrate that the annihilation process has the highest impact for structures with lower exciton mobility and higher (the Schottky-type) injection barrier. It has been shown that an increase of the annihilation rate constant up to 5×10 −14 m 3 s −1 (a similar value to an experimental result for P3HT [3] , which is frequently used in organic photovoltaics) leads to lower magnitudes of photocurrent. This fact confirms that the exciton annihilation mechanism should play a significant role in structures applied in organic solar cells.
